PCR-based subtractive genome hybridization produced clones harboring inserts present in Brazilian purpuric fever (BPF) prototype strain F3031 but absent in noninvasive Haemophilus influenzae biogroup aegyptius isolate F1947. Some of these inserts have no matches in the GenBank database, while others are similar to genes encoding either known or hypothetical proteins. One insert represents a 2.3-kb locus with similarity to a Thermotoga maritima hypothetical protein, while another is part of a 7.6-kb locus that contains predicted genes encoding hypothetical, phage-related, and carotovoricin Er-like proteins. The presence of DNA related to these loci is variable among BPF isolates and nontypeable H. influenzae strains, while neither of them was detected in strains of types a to f. The data indicate that BPF-causing strain F3031 harbors unique chromosomal regions, most of which appear to be acquired from unrelated microbial sources.
Haemophilus influenzae biogroup aegyptius was identified in the mid 1980s as the etiological agent of Brazilian purpuric fever (BPF), a frequently fatal invasive pediatric disease (6) . Originally, a clone was isolated from patients with BPF in Sao Paulo State, Brazil (7) . However, after outbreaks in other regions of Brazil (12, 34) and in Australia (19, 37) and a case of a child from Connecticut with an infection consistent with BPF (35) , it is clear that a single H. influenzae biogroup aegyptius strain or clone is not the sole agent responsible for BPF. These observations led to the hypothesis that BPF-causing strains harbor DNA that is absent in noninvasive isolates, which may encode the factors that transformed a benign microorganism into an aggressive pathogen. This hypothesis was tested by using a genomewide approach based on PCR-based subtractive genome hybridization.
Generation of a subtracted genomic library. We first addressed an important concern: both strains contain a 24-MDa plasmid (7) . The significance of this is that differences in plasmid content between the F3031 and F1947 strains could result in misleading subtractive hybridization results. Restriction and Southern blot analyses (25) showed that the plasmids from F3031 and F1947 have similar AccI restriction profiles and cross hybridize, although they have some differences in their RsaI patterns (Fig. 1A and B) . Nevertheless, the plasmid contents of these two strains are similar and should not affect the subtractive hybridization process.
A library enriched in DNA unique to F3031 was made with the Clontech PCR-Select bacterial genome subtractive kit by using F3031 and F1947 total DNAs. After confirming that such a library was obtained, a secondary PCR with nested primers was conducted and the amplicons were cloned with a TA system (Invitrogen) and Escherichia coli DH5␣ or TOP10FЈ (Table 1 ) competent cells. Colony hybridization (25) with 32 Plabeled, RsaI-digested F1947 and F3031 genomic DNA showed that approximately 27% of the clones contained DNA unique to F3031, a value comparable to that described by the kit manufacturer and reported previously in a similar analysis of Helicobacter pylori strains (2). This apparently low percentage of unique clones could be due to a base substitution(s) and restriction fragment length polymorphisms in DNA common to both strains that can decrease subtraction efficiency (2) . The presence of F3031 DNA fragments containing patches of sequences homologous to F1947 is another reason for the apparently low subtraction efficiency. Nevertheless, the analyses described below show that more than half of the subtracted clones examined contain DNA unique to BPF-associated strain F3031.
Analysis of 19 clones showed that all of them contained 300-to 1,500-bp inserts that hybridized with the F3031 genomic DNA probe, while only three also hybridized with the F1947 genomic DNA probe. In contrast, probing of the F3031 and F1947 genomic DNAs with each of the 19 clones showed that while 11 of them contained F3031-specific DNA, 8 had inserts common to both strains. These conflicting results could be due to changes in the probe-to-target ratios in the hybridization experiments, as reported in a similar analysis of Salmonella enterica serovar Typhimurium (9) . Interestingly, the restriction fragments with homology to both probes displayed different sizes in F3031 and F1947, suggesting the presence of polymorphisms in the alleles contained within these common fragments. Two additional clones (MU33 and MU34) were examined in greater detail. MU33 and MU34 are 900-and 1,100-bp subtracted fragments, respectively, that were located on different F3031 HindIII genomic fragments ( Fig. 2A and B, lanes 2) and were not detected in strain F1947 ( Fig. 2A and B, lanes 3) . Neither of them hybridized with pF3031 ( Fig. 2A and B, lanes 4) or with each other ( Fig. 2A and B, lanes 5).
In silico analyses of subtracted DNA common to F3031 and F1947. Table 2 shows that all of the common fragments except B1 encode products with matches in the GenBank database, some of which are related to hypothetical (F5) or bacteriophage (E8) proteins. The product of D3 is similar to the RP4-encoded TraE protein. Hybridization of pD3 with the plasmids present in F3031 and F1947 but not with their chromosomes proved that D3 represents plasmid rather than chromosomal DNA differences. Whether these differences affect gene transfer or the virulence of H. influenzae biogroup aegyptius harboring pF3031-like elements remains to be examined by either testing the virulence of plasmidless isogenic derivatives or comparing the complete nucleotide sequences of the plasmids present in these two H. influenzae biogroup aegyptius strains. E9 is similar to the H. influenzae type b strain E1a hemocin gene (hmcD) and has a GϩC content that is much lower than the 38% reported for H. influenzae strain Rd KW20 (10) (hereafter referred to as Rd). Interestingly, the entire hmc E1a locus has a significantly lower GϩC content (20) , suggesting that it represents a genomic region acquired by H. influenzae encapsulated and nonencapsulated strains from an unrelated source. A small portion of F2 is similar to srmB of Rd (10) , which is related to D-E-A-D box helicases (26) , while most of it is related to a Neisseria meningitidis MC58 adhesin (32) and the Moraxella catarrhalis UspA2 and UspA2H proteins. The latter is involved in adhesion of this pathogen to conjunctival epithelial cells (8, 14) . Interestingly, BPF and non-BPF strains attach to these cells (30) , although the expression and role of these proteins in H. influenzae biogroup aegyptius remain to be tested. F6 has similarity to Rd HI0291 and HI0292 genes encoding putative Hg-binding proteins (10) , while D5 is similar to HI0361 (10), which is related to the E. coli FecE (29) and Yersinia pestis YfeB (3) iron transport proteins. We have shown that F3031 expresses an FecE-like protein and other components of a siderophore-independent iron acquisition system (28) .
In silico analyses of subtracted DNA unique to F3031. B3 and F17 are related to an ABC transport system of Rd (10) that includes an ATP-binding protein and a TonB-dependent receptor potentially involved in iron acquisition. These two clones have similar GϩC contents, which are approximately 4% lower than that of Rd (10) . The product of D2 has a GϩC content 6% higher than that of Rd and is similar to a Deinococcus radiodurans R1 conserved hypothetical protein (36) . The predicted product of D11 is similar to a hypothetical Rd protein (10) also detected in E. coli (5, 24) , Pasteurella multocida (18) , and Pseudomonas aeruginosa (31) . The D13-encoded protein has a low level of similarity to the product of orf277, which flanks the vrl virulence-related locus found more frequently in virulent than in nonvirulent isolates of Dichelobacter nodosus (4) . The products of E3, F7, and F20 are related to different components of the phage-tail-like bacteriocin carotovoricin Er produced by the phytopathogen Erwinia carotovora (22) . Although some structural features and the genetic mechanism involved in host range specificity changes have been described (22) , the role of carotovoricin Er in the virulence of this plant pathogen remains to be elucidated. While the GϩC content of E3 is similar to that of Rd, the content of F7 and F20 is significantly higher than 38%. E10 is similar to rffG The inferred product of MU34 is highly similar to a hypothetical protein of Thermotoga maritima MSB8 (21), a thermophilic bacterium that is considered one of the deepest-branching eubacterial species (1). The GϩC content of these two subtracted regions is significantly different from that of Rd, suggesting that they were acquired by F3031 from unrelated microorganisms. Although the roles of all of these predicted genes and proteins in the virulence of this BPF clone are unknown, their absence in the F1947 noninvasive strain suggests that they are virulence factor candidates. The F10 subtracted fragment maps within the 1,380-bp region of the BPF iga gene reported previously (15) . The preliminary observation that F3031 and F1947 contain restriction fragments of different sizes that hybridize with Rd iga (10) and the fact that all three strains secrete immunoglobulin A1 protease activity indicate that F10 represents a distinct genetic form of iga rather than a gene unique to F3031.
Detection of MU33 and MU34 in other H. influenzae strains. Sequences homologous to MU33 and MU34 were detected in F3029, F3033, and F3037 ( Fig. 3A and B, lanes 3 to 6) , which express all of the markers assigned to the Brazilian BPF clone (7) . Although the Valparaiso and Connecticut BPF strains, which display some of the BPF markers, tested positive for MU33-related DNA, neither of them reacted with the MU34 probe (data not shown). No signals were detected when the F4380 Australian isolate, another BPF strain that does not express all of the markers described in the F3031 prototype strain, was probed with MU33 and MU34 under high-stringency ( Fig. 3A and B, lanes 7) or low-stringency (data not shown) conditions. These results show that BPF strains are not identical and support the hypothesis that they have originated from a wider range of sources than originally predicted. MU33-and MU34-related DNA was not detected (Fig. 3C  and D, lanes 3 to 5, and data not shown) in any of the H. influenzae strains of types a to f tested (Table 1) . Two (TN106 and 165NP) of five nontypeable strains (Table 1) contained MU33-related DNA (Fig. 3E, lanes 3 and 4) , and all of them tested positive for MU34 (Fig. 3F, lanes 3 to 7) . Thus, MU34-related sequences appear to be more common than MU33-like sequences among nontypeable strains, while both seem to be either absent or rare in typeable strains.
Cloning and analysis of the chromosomal region encompassing MU33. Screening of an F3031 library, which was made by cloning 4-to 6-kb partially digested Sau3AI fragments into pUC18, with MU33 as a probe yielded the overlapping clones pMU37 and pMU69. The nucleotide sequence of each clone was determined by using automated procedures (Applied Biosystems) and then assembled (Sequencher 4.1.2, Gene Codes) as a single 7,647-nucleotide contig (hereafter referred to as the BPF33 locus). This locus, which was not detected in F1947 by Southern hybridization, appears to contain seven complete and two partial ORFs, all transcribed in the same direction. BLASTn showed that BPF33 has the sequence 5Ј-CAACTG AAGATAATACGGTTGAATATGCGGAA-3Ј, which is also present in P. multocida PM70 (18), and a region 96.6% similar to the sequence 5Ј-AAAAGCCCAAGCTGAAGCCCAAAA AGCTG-3Ј located in the Rd transformation gene cluster (10, 33) . Copies of the 5Ј-AAGTGCGGT-3Ј DNA uptake sequence (11) were located in the minus strand between ORFs 4 and 5 and at the ends of ORFs 2, 7, and 8 (Table 3) , some of which were part of regions resembling the 29-bp Rd DNA uptake consensus sequence (27) . Although the average GϩC content of BPF33 is similar to that of Rd (10), six of its ORFs have a GϩC content significantly higher than 38% (Table 3) . BPF33 encompasses, in addition to MU33, the E3 subtracted region ( Table 2 ) that overlaps ORFs 8 and 9 encoding putative homologs to the carotovoricin Er tail core and tail sheath proteins (Table 3) . Accordingly, the inferred products of these two ORFs are similar to their cognate carotovoricin Er proteins. The predicted products of ORFs 1 and 2 are similar to N. meningitidis hypothetical proteins, while ORF 6 seems to encode an Rd Mu-like protein (Table 3 ). The inferred products of ORFs 3, 4, 5, and 7 have no significant matches in the GenBank database (Table 3 ). These data indicate that BPF33, which is present in the F3031 BPF-causing strain but absent in non-BPF strain F1947, is a relatively large locus with a mosaic structure that includes bacteriophage genes and novel genes encoding proteins of unknown function. Moreover, work in progress indicates that BPF33 is not simply a Mu-like element. Rather, it seems to be a large region that contains genes encoding proteins potentially involved in the production of a carotovoricin Er-like bacteriocin. Cloning and analysis of the chromosomal region encompassing MU34. The pMU64 and pMU67 overlapping genomic clones, which were isolated from the genomic library by using MU34 as a probe, were sequenced and assembled as a single contig (Fig. 4) . BLASTn showed that this contig contains a 2,359-bp region with no matches in the GenBank database that is flanked on the left and right sides by the HI1038 and HI1042 Rd homologs (10), respectively (Fig. 4) . The right-flanking sequence also showed similarity to the H. parainfluenzae HpaI restriction modification genes. Three copies of the DNA uptake signal sequence (11) , one in the plus strand and two in the minus strand, were located between the right and left ends of HI1038 and the 2,359-bp region, respectively. DNA hybridization proved that this region, which has a GϩC content lower than that of HI1038 and HI1042 (Fig. 4) , is present only in F3031, while the HI1038 and HI1042 homologs are present in F3031 and F1947. Therefore, the 2,359-bp region (hereafter referred to as the BPF34 locus) seems to represent a genomic islet unique to the F3031 BPF strain that contains two predicted ORFs (Fig. 4) . ORF 1, which is preceded by a putative ribosomal binding site (5Ј-AGGAAA-3Ј) and encodes an inferred 146-amino-acid protein, terminates 46 nucleotides within ORF 2. The latter encodes a predicted 532-amino-acid protein. BLASTx analysis revealed that, with the exception of a small stretch, most of BPF34 is highly similar to a 719-aminoacid hypothetical protein in T. maritima strain MSB8 (21) . This homology gap could be due to the presence of a real frame shift located close to the right end of BPF34, which could also explain the predicted presence of overlapping ORFs 1 and 2 at this locus.
Conclusions. PCR-based subtraction hybridization proved that BPF-causing strain F3031 contains genomic fragments that are absent in noninvasive strain F1947. Several of these fragments encode putative novel proteins of unknown function, some of which have not been described in H. influenzae and may have been acquired by lateral gene transfer from unrelated bacteria. Although no homologs to well-characterized bacterial virulence genes were identified, some of the DNA unique to F3031 may encode novel virulence traits potentially involved in the pathogenesis of BPF. It was suggested (13) that the BPF-causing strains arose by horizontal gene transfer from N. meningitidis. Interestingly, the inferred products of ORFs 1 and 2 of BPF33 are similar to the NMA1850 and NMA1849 N. meningitidis serogroup A strain Z2491 hypothetical proteins, respectively (23) . These homologs were also identified as part of Mu-like phage MuMemB of N. meningitidis serogroup B strain MC58 (17) . This region was inserted into a gene encoding an ABC transporter and has a mosaic genetic structure that includes prophage genes and genes coding for hypothetical or unknown functions. Some of these genes encode surface-exposed antigens that could play a role in the virulence of this human pathogen (17) . These observations, together with the fact that the BPF33 locus also includes a Mu-gp36 homolog, suggest that horizontal gene transfer has also played a role in the evolution of the BPF invasive clone of H. influenzae biogroup aegyptius.
Nucleotide sequence accession numbers. The nucleotide sequence data in this report have been submitted to the GenBank database and assigned the following accession numbers: B1, AF416103; B2, AF416104; B3, AF4161052; D2, AF416106; D3, AF416107; D5, AF416108; D11, AF416109; D13, AF416110; E3, AF416111; E8, AF416112; E9, AF416113; E10, AF416114; F2, AF416115; F5, AF416116; F6, AF416117; F7, AF416118; F10, AF416119; F17, AF416120; F20, AF416121; MU33, AF416122; MU34, AF416123; BPF33, AF416124; BPF34, AF416125. FIG. 4 . Genetic map and GϩC composition of the H. influenzae biogroup aegyptius F3031 BPF34 locus. The radiolabeled insert of subtracted clone pMU34 was used to probe a genomic library of strain F3031 and isolate overlapping clones pMU64 and pMU67. The black bars indicate the DNA inserts in pMU34, pMU64, and pMU67. Clones and predicted ORFs that extend beyond the limits of the BPF34 locus are depicted as solid broken lines and arrows, respectively. Two putative ORFs located within the BPF34 locus are indicated by hatched arrows. The solid broken arrows flanking the BPF34 locus identify F3031 ORFs with sequence similarity to H. influenzae Rd KW20 genes HI1038 and HI1042. In silico analyses were done as described in Table 2 .
